(Geyer and Wittinghofer, 1997). This information is beginning to provide a comprehensive picture for the molecular basis of guanine nucleotide exchange and GTP hydrolysis. Significantly less is understood about the regulatory mechanisms of GDI proteins. It is now known Gregory R. Hoffman, Nicolas Nassar, † and Richard A. Cerione* Department of Molecular Medicine Veterinary Medical Center Cornell University Ithaca, New York 14853 that there are at least three members of the RhoGDI family which have been designated GDI1 (also RhoGDI or GDI␣), GDI2 (also D4-or Ly-GDI or GDI␤), and GDI3 (also GDI␥). Unlike the GEFs and GAPs, which catalyze Summary a single reaction, the Rho family-specific GDIs appear to be capable of at least three distinct biochemical activThe RhoGDI proteins serve as key multifunctional regulators of Rho family GTP-binding proteins. The 2.6 Å ities. The first activity to be characterized, for which the proteins were originally named (Fukumoto et al., 1990; X-ray crystallographic structure of the Cdc42/RhoGDI complex reveals two important sites of interaction beLeonard et al., 1992), involves the ability of the GDI to block the dissociation of GDP from Cdc42, Rac, and tween GDI and Cdc42. First, the amino-terminal regulatory arm of the GDI binds to the switch I and II doRho. GDI-mediated inhibition of GDP dissociation has been observed both when using excess EDTA to weaken mains of Cdc42 leading to the inhibition of both GDP dissociation and GTP hydrolysis. Second, the gerathe affinity of guanine nucleotide by chelating Mg
Residues in favorable region of Ramachandran plot 81% a Data for the highest resolution shell (2.64-2.60 Å ). b R sym ϭ | (I(hi) Ϫ I(h) |/I(hi), where I(hi) is the scaled intensity of the i th symmetry-related observation of reflection h and I(h) is the mean value. c Calculated against the complete merged data set. d R work ϭ | (F o (h) Ϫ F c (h) |/ F o (h) where F o (h) and F c (h)
are the observed and calculated structure factor amplitudes for reflection h calculated against all data included in the refinement. e R free is calculated similarly to R work for 10% of randomly chosen reflections not included at any stage in the refinement.
that GDIs are critical regulators of the subcellular localcomplex elutes from a gel filtration column at a position ization of Rho proteins (Regazzi et al., 1992) . Transfer of consistent with a stable heterodimer containing one the isoprenoid moiety from the lipid bilayer to a binding molecule each of Cdc42 and GDI (data not shown). While pocket within the GDI directly results in the dissociation the complex was soluble in the absence of detergent, of the Cdc42/GDI complex from the membrane produc-2 mM LDAO (lauryldimethylamine-oxide) was required ing a soluble species (Nomanbhoy et al., 1999) .
to produce diffraction quality crystals. Given their ability to influence both the cellular locaModels for the GDP-bound form of nonprenylated tion and the cycling of Rho proteins between the GDPCdc42 (N. N., unpublished data) and the immunoglobuand GTP-bound states, it seems likely that the GDIs play lin-like domain of GDI (Keep et al., 1997) were used to critical roles in the regulation of signaling events through identify a molecular replacement solution for the Cdc42/ Cdc42, Rac, and Rho. In order to achieve a molecular GDI complex. Electron density maps, calculated using understanding of this regulation, we have solved the phases from the molecular replacement solution, showed three-dimensional structure for the complex between strong electron density for regions of the structure not GDP-bound Cdc42 and RhoGDI by X-ray crystallograincluded in the search models, particularly the aminophy. This work provides a structural understanding of terminal domain of GDI and the modified carboxyl termiall three biochemical activities of the GDI as well as a nus of Cdc42. As the refinement progressed, the density view of a fully processed, lipid-modified GTP-binding of these regions improved allowing a complete model protein and how this modification influences critical asof the Cdc42/GDI complex to be built. The current model pects of its regulation.
has an R work of 25.7% and an R free of 32.0% at 2.6 Å resolution and contains both the carboxy-terminal and amino-terminal domains of the full-length GDI, as well Results and Discussion as the geranylgeranylated and carboxymethylated form of Cdc42 bound to GDP. Data collection and refinement Structure Determination statistics are summarized in Table 1 . Posttranslationally modified Cdc42 was produced in insect cells and specifically extracted from the insect cell membranes using E. coli lysates containing overexStructural Overview of the Cdc42/GDI Complex pressed RhoGDI (herein referred to as GDI) in the presThe overall structure of the complex between the GDPence of 0.4% CHAPS (see Experimental Procedures).
bound form of Cdc42 and the full-length GDI is illustrated Under these conditions, the isoprenylated Cdc42 protein forms a soluble, high-affinity complex with GDI. The in Figure 1A . The structure reveals that the GDI protein (Read, 1986) and phases derived from the model. The geranylgeranyl group and all atoms within 3.5 Å of this moiety were omitted and all data between 8.0 and 2.6 Å resolution were included in the calculation. Clear density for the geranylgeranyl moiety is observed in the map and a wire model (red) of this moiety as well as the "hydrophobic triad" of Trp194, Leu77, and Phe102 is shown. constraints in the geranylgeranyl-binding pocket preThe overall structure of the immunoglobulin-like doclude the insertion of this moiety in a fully extended main of the GDI within the Cdc42/GDI complex is similar conformation and require that the geranylgeranyl group to the structure reported for the isolated domain (Gosser be distorted from its ideal geometry in order to bind to et al., 1997; Keep et al., 1997). However, significant local the GDI. These dihedral rotations induce a kink in the structural changes occur to avoid steric interference geranylgeranyl moiety allowing it to conform to the conbetween the bulky geranylgeranyl group and the hystrained hydrophobic pocket of the GDI molecule and drophobic side chains lining the pocket ( Figure 3C ). The avoid unfavorable contacts with the acidic region of the most dramatic movement is a deepening at the base of pocket. the pocket caused by the displacement of Trp194, Leu77, and Phe102. The movement of these side chains is accompanied by displacement of strand ␤I (residues Implications for the Mechanism of GDI-Mediated Membrane Release of Rho Family 190-199) and strand ␤H (residues 173-182) on the GDI and a movement of residues 90-103 displacing the 3 10 GTP-Binding Proteins Kinetic studies on the association of the GDI with memhelix observed in the structure of the free immunoglobulin-like domain. In the structure of the isolated immunobrane-bound Cdc42 have established a two-step model for this interaction (Nomanbhoy et al., 1999) . The fast globulin-like domain, the side chains of Trp194 and Leu77 form a constriction at the base of the hydrophobic kinetics of the first phase correspond to the association of the GDI with Cdc42 at the surface of the membrane. pocket. Phe102 forms van der Waals contacts with both Trp194 and Leu77, further occluding the base of the A slow conformational change follows, resulting in the release of the Cdc42/GDI complex from the membrane. pocket. In the Cdc42/GDI complex, the 1.7 Å movement of the Trp194 C␣, coupled with a 1.0 Å shift of the Leu77
This model can now be evaluated in the context of the structure of the Cdc42/GDI complex. When Cdc42 is C␣, creates space for the geranylgeranyl moiety to pass between the side chains of these two residues. Rebound to the membrane, the geranylgeranyl moiety is inserted into the bilayer while the polybasic sequence arrangement of residues 90-103 positions the side chain Residues 5-25 of the GDI form a poorly ordered extended loop in the complex. In the middle of this region, residues 10-15 form a short helix (the ␣A helix). Leu11 and Ile14 form a hydrophobic face on this amino-terminal helix that serves as a cap for the geranylgeranylbinding pocket and may thereby provide a driving force for releasing the GTP-binding protein from cellular membranes. Ile14 packs against the geranylgeranylated cysteine residue of Cdc42 and forms favorable contacts with the first isoprene unit as part of a patch created by two conserved hydrophobic residues (Val137 and Ile139) in the ␤F strand of GDI. While not essential for binding to the geranylgeranylated form of Cdc42, removal of the 25 amino-terminal residues of the GDI results in an ‫-4ف‬fold loss in binding affinity (Platko et al., 1995) . This difference in binding affinity is likely explained by the favorable interactions between the aminoterminal ␣A helix of the GDI and the geranylgeranylbinding pocket.
Switch I and the GDI Effect
Residues within the regulatory arm of the GDI serve to coordinate Thr35 in switch I of Cdc42. As shown in Figure 4C , the side chain of the conserved Asp45 from GDI is hydrogen bonded to Thr35 in Cdc42. Ser47 from the GDI is within hydrogen bonding distance of both the main chain carbonyl and amide groups of Val36, adjacent to Thr35. This valine is further stabilized in a hydrophobic pocket created in part by Val48 and Thr51 from the ␣C helix of GDI.
Thr35 is conserved in all GTP-binding proteins and is essential for the coordination of the Mg 2ϩ ion. The Mg 2ϩ ion coordination observed in the crystal structure of the GDP-bound Cdc42/GDI complex is similar to that seen in the structure of the GDP-bound form of RhoA (Wei et unpublished data), while less well defined, appears to adopt a similar conformation. Interestingly, superposiWhile the insert region is distant from the Cdc42/GDI interface ( Figure 1A) , it is possible that the insert imparts tion of the crystal structures of Cdc42·GDP, the Cdc42/ GAP/AlF 3 complex, and the Cdc42/GDI complex shows more stability to the nearby TQID motif in Cdc42 (corresponding to NKXD in Ras), which is important for coordino dramatic change in the conformation of switch II ( Figure 5B ). Thus, unlike Ras, which exhibits significant nating the guanine ring in the nucleotide-binding pocket. Removal of the insert may disrupt the stabilization of structural rearrangement in this region upon cycling between the GTP-and GDP-bound conformations, the the TQID motif and thereby interfere with the ability of the GDI to inhibit nucleotide dissociation.
switch II domain of Cdc42 appears to adopt a structure that is largely nucleotide independent. The extensive other regulators of Rho family proteins, namely the GAPs and GEFs. Figure 6 shows the overlap of the binding contacts at the interface of the Cdc42/GDI complex involving residues from the switch II region suggest that regions (highlighted in pink) for Cdc42 complexed to the GDI, GAP, and the effector WASP, and clearly demonthe nucleotide independence of the switch II structure is likely an essential aspect of the ability of the GDI to strates that the GDI will compete for the binding of both effectors and regulatory proteins, effectively blocking associate with both nucleotide states of Cdc42.
Contacts shown that the GDI is able to effectively compete with
